Data about the impact of bariatric surgery (BS) and subsequent weight loss on bone are limited. The objective of the present study was to determine bone mineral density (BMD), bone remodeling metabolites and hormones that influence bone trophism in premenopausal women submitted to BS 9.8 months, on average, before the study (OGg, N = 16). The data were compared to those obtained for women of normal weight (CG, N = 11) and for obese women (OG, N = 12). Eight patients in each group were monitored for one year, with the determination of BMD, of serum calcium, phosphorus, magnesium, parathyroid hormone, 25-hydroxyvitamin D, insulin-like growth factor-I (IGF-I) and osteocalcin, and of urinary calcium and deoxypyridinoline. The biochemical determinations were repeated every three months in the longitudinal study and BMD was measured at the end of the study. Parathyroid hormone levels were similar in the three groups. IGF-I levels (CG = 332 ± 62 vs OG = 230 ± 37 vs OGg = 128 ± 19 ng/ mL) were significantly lower in the operated patients compared to the non-operated obese women. Only OGg patients presented a significant fall in BMD of 6.2% at L1-L4, of 10.2% in the femoral neck, and of 5.1% in the forearm. These results suggest that the weight loss induced by BS is associated with a significant loss of bone mass even at sites that are not influenced by weight overload, with hormonal factors such as IGF-I being associated with this process.
Introduction
Obesity is associated with a long list of co-morbidities ranging from simple health problems such as osteoarticular disorders and varices to severe chronic diseases such as diabetes mellitus, arterial hypertension and cardiovascular disease (1, 2) . On the other hand, obesity has a beneficial effect on the development and maintenance of bone mass (3, 4) .
A great increase in the prevalence of morbid obesity has been observed over the last decades (1) . In this condition there is a marked impairment of quality of life and a significant reduction of life expectancy, and it has not been clearly demonstrated if the benefits of obesity regarding bone mass are www.bjournal.com.br preserved at this level of the condition. As a consequence, there has been great interest in the development of efficient therapeutic measures for morbid obesity. Unfortunately, the various clinical treatments proposed that involve changes of habits and the use of several classes of medications have yielded frustrating results on a long-term basis (3) . This is largely due to the slow process of weight loss and to the need for strong involvement and effort on the part of the patient that should last throughout life. The need to develop therapeutic options whose efficacy is less dependent on the patient's will regarding a change in habits has favored the use of gastric reduction surgery as a frequent option (3) .
The rationale behind this treatment, as well as others, should be solving the patient's complaints, reducing the life risks and not producing undesirable side effects. Regarding bariatric surgery, previous results have shown higher short-and medium-term success rates than other options for the induction of weight loss (3, 4) . There still is the need to determine the long-term success of this treatment regarding the maintenance of weight, the improvement of quality of life and the increase in life expectancy. It is also important to determine if the loss of bone mass may represent an important side effect of this treatment.
The main mechanism responsible for the loss of bone mass after bariatric surgery has not been identified, but the following factors may be involved: the weight loss itself with loss of fat and lean mass, nutritional disorders, hormonal changes (steroids, growth hormone, growth factors, and insulin), and disorders of mineral metabolism (5, 6) .
The objective of the present study was to determine bone mineral density (BMD) and biochemical parameters of bone remodeling in obese individuals submitted to bariatric surgery at least 3 months before the study. A subgroup of patients was followed up for biochemical re-evaluations at three-month intervals and annual BMD re-evaluation. In addition, the biochemical parameters of mineral metabolism (calcium, phosphorus, magnesium, parathyroid hormone (PTHi), and 25-hydroxyvitamin D) and the levels of insulin-like growth factor I (IGF-I) of these patients were also measured.
Material and Methods
The study was conducted on 39 women, 11 of them non-obese (control group, CG), 12 of them obese (OG) and 16 of them obese patients submitted to gastroplasty with bandaging and Roux-en-Y bypass (OGg) (crosssectional study). A subset of 8 individuals of each group agreed to be followed prospectively and were assessed at 3-month intervals for 1 year (prospective study). The OGg consisted of all patients submitted to gastroplasty with bandaging and Roux-en-Y bypass who were being followed at the Outpatient Clinic of Nutrology of the University Medical Center, School of Medicine of Ribeirão Preto, University of São Paulo. The surgical procedure resulted in a 20-mL isolated gastric pouch, a stapled end-side gastrojejunostomy, a 100-cm Roux-limb, a 30-50-cm biliopancreatic limb, and a stapled end-side enteroenterostomy. Therefore, the stomach was divided into an upper small pouch and a large lower segment followed by an anastomosis of a Roux-en-Y intestinal configuration with the proximal gastric pouch, resulting in the intended gastric bypass. OGg women received an oral daily polyvitamin supplement containing 400 IU cholecalciferol and 250 mg calcium carbonate (Materna, Wyeth, São Paulo, SP, Brazil). OG patients were also followed at the Nutrology Outpatient Clinic of the University Medical Center, School of Medicine of Ribeirão Preto, University of São Paulo. The patients and controls enrolled in the study were selected on the basis of clinical history and laboratory tests. Individuals with a personal or family history of osteometabolic diseases, taking medications that affect mineral metabolism (estrogens, anticonvulsants, glucocorticoids, and diuretics) and with a history of alcoholism or smoking were excluded. No patient was in the postmenopausal phase and all had regular menstrual cycles. The study was evaluated and approved by the Ethics Committee of the University Hospital, Faculty of Medicine of Ribeirão Preto, USP, and the patients gave written informed consent to participate in the study.
All subjects in the control group had a body mass index (BMI) below 30 kg/m 2 (range: 23.7 to 29.6 kg/m 2 ) and in the obese group the BMI was above 40 kg/m 2 (range: 40.3 to 67.8 kg/m 2 ). On the occasion of the first evaluation of the operated patients, carried out on average 9.8 ± 1.9 months after surgery, the weight was significantly lower than that of obese patients not submitted to surgery, with BMI ranging from 22.3 to 44.3 kg/m 2 . However, before surgery, the weight was similar in the two groups (OG = 122.4 ± 7 vs OGg = 130.5 ± 4.4 kg). There were no significant differences in age or height between groups in either study. The physical characteristics of the groups in the crosssectional study are presented in Table 1 . The mean age of the groups in the longitudinal study was: CG = 39.8 ± 3.8 vs OG = 34.1 ± 3.0 vs OGg = 39.5 ± 3.3 years, and the mean height was CG = 1.59 ± 0.02 vs OG = 1.58 ± 0.02 vs OGg = 1.60 ± 0.01 m.
The groups were formed simultaneously in order to prevent seasonal influence on serum levels of 25-hydroxyvitamin D. In the prospective study, blood and urine samples were collected at 3-month intervals for one year, for biochemical determinations of mineral metabolism and bone remodeling parameters and the measurement of BMD was repeated after one year.
Blood samples were collected in the morning after a 10-to 14-h fast, centrifuged in a refrigerated centrifuge and used for biochemical determinations (calcium, calcium ion, phosphorus, alkaline phosphatase, magnesium, and albumin) and measurements of PTHi, IGF-I, 25-hydroxyvitamin D, and osteocalcin. On the same day, the patients brought 24-h urine for the determination of calcium and creatinine corresponding to the preceding day and collected a sample of the second morning urine for the determination of deoxypyridinoline and creatinine. The biochemical determinations were performed on the day of collection, whereas the samples to be used for the determination of the other serum and urine parameters were stored at -70ºC until the day for use.
Total calcium, inorganic phosphorus, alkaline phosphatase, and serum albumin were determined with an automatic biochemical analyzer (Dimension RXL, Dade-Behring, Atlanta, GA, USA). Blood for the determination of serum calcium ion was collected under anaerobic conditions and immediately processed with an analyzer equipped with a selective electrode (Stat Profile Plus 9 Analyzer, Nova Biomedical, Waltham, MS, USA).
PTHi was determined by chemiluminescence (Diagnostic Products Corporation, Los Angeles, CA, USA). The intra-and interassay coefficients of variation (CV) were 4.0 and 4.4%, respectively. 25-Hydroxyvitamin D was measured by radioimmunoassay (Nichols Institute, San Juan Capistrano, CA, USA) in a single assay, with a CV of 7.2%. IGF-I was determined by an immunoradiometric method (Diagnostic Systems Laboratories, Webster, TX, USA), with intra-and interassay CV of 3.5 and 5.3%, respectively. Serum levels of osteocalcin were determined by an immunoradiometric method (DSL-7600, IRMA, Webster, TX, USA), with intra-and interassay errors of 5.3 and 8.0%, respectively. The urinary levels of deoxypyridinoline were determined by enzyme immunoassay (Metra Biosystems, Mountain View, CA, USA), with an intra-assay error of 2.0%, and the result is reported in relation to the rate of urinary excretion of creatinine.
Bone mass was measured by double en-
www.bjournal.com.br ergy X-ray absorptiometry using a model 4500W Hologic apparatus (Hologic 4500W, Waltham, MA, USA). The sites evaluated were L1-L4, the femoral neck, and the distal 1/3 of the forearm, with respective CV of 2.1, 2.3, and 1.7%. The CV was estimated by the method of Glüer et al. (7): CVt = (S t /∑Xj/ m) x 100, where Xj represents the means of five exams preformed in 5 patients, m represents the number of patients (5) and S t represents the standard deviation (S t = √∑S 2 /m) (7). In the individuals of the obese group, only the forearm site was evaluated in view of the limitation of the equipment in supporting a weight of more than 120 kg. The individuals in the longitudinal study were evaluated for bone mass at the beginning of the study and at the end of one year. Data were analyzed statistically with the GraphPad Prism software, version 3.0 for Windows, 1999 (GraphPad Prism, San Diego, CA, USA) and submitted to the following tests: a) ANOVA followed by the Tukey test for multiple comparisons for the numerical variables with normal distribution, b) the paired Student t-test for the data of the same group and the unpaired t-test for the data of different groups regarding bone densitometry, and c) the Pearson correlation coefficient for the calculation of correlation between parametric variables. The results are reported as means ± SEM, with the level of significance set at 5% (P < 0.05).
Results
In the cross-sectional study, the individuals submitted to surgery were evaluated 9.8 ± 1.9 months after gastroplasty. During this period the patients had lost about 30.6 ± 3.3 kg and their weight was significantly lower than that of the obese group (P < 0.001), but still higher than that of the control group (P < 0.01; Table 1 ). There was no significant difference in calcium, Ca 2+ , Pi, alkaline phosphatase, albumin, or Mg. Serum levels of PTHi (CG = 29.5 ± 3.6 vs OG = 39.4 ± 8.9 vs OGg = 33.7 ± 2.5 pg/mL) and 25-hydroxyvitamin D (CG = 47.9 ± 2.2 vs OG = 46.0 ± 1.6 vs OGg = 49.6 ± 1.9 ng/mL) were similar in the three groups. Calciuria was significantly lower in the OGg than in the other two groups (CG = 177 ± 11 vs OG = 211 ± 15 vs OGg = 77 ± 6 mg/24 h; P < 0.001) and was correlated with weight loss (P < 0.006, r = 0.647) and time since surgery (P < 0.0001, r = 0.85).
The control group had IGF-I levels similar to those of the non-operated obese group but significantly higher than those of the group submitted to bariatric surgery (CG = 332 ± 62 vs OG = 230 ± 36.9 vs OGg = 128 ± 19.4 ng/mL; P < 0.01). The non-operated obese group (OG) had significantly lower osteocalcin levels than the control group (P < 0.01), but the levels of osteocalcin were not different between OG and OGg (CG = 41.1 ± 7.8 vs OG = 21.2 ± 3.2 vs OGg = 32.4 ± 4.4 ng/mL). Urinary deoxypyridinoline excretion was significantly higher in the group submitted to bariatric surgery than in the other two groups (CG = 5.4 ± 1.3 vs OG = 6.9 ± 1.7 vs OGg = 23.0 ± 3.6 nmol/mmol creatinine; P < 0.001). There were no significant differences in urinary creatinine levels between groups (CG = 14.3 ± 0.2 vs OG = 17.0 ± 1.9 vs OGg = 13.4 ± 1.3 mmol/L).
The BMD values of OGg patients were significantly higher than those of the control group at the L1-L4 site (CG = 0.955 ± 0.03 vs OGg = 1.104 ± 0.03 g/cm 2 ; P < 0.005) but Data are reported as mean ± SEM. BMI = body mass index. *P < 0.001 for CG vs OG; **P < 0.001 for OG vs OGg; ***P < 0.01 for CG vs OGg (ANOVA followed by the multiple comparisons Tukey test for the numerical variables with normal distribution). Among the individuals who participated in the longitudinal study, only those submitted to gastroplasty showed a significant variation in weight throughout the study, i.e., 11.8 kg or 13.4% (Table 2 ). In the first evaluation, these individuals had been submitted to gastroplasty about 12.4 ± 3.2 months before and had already lost 34.1 ± 4.9% of their preoperative weight. The three groups showed no significant variation in calcium, calcium ion, phosphorus, alkaline phosphatase, albumin, or magnesium levels throughout the study, with no significant difference among them at any time point.
The initial calciuria of the control group (184 ± 6 mg/24 h) and obese group (225 ± 29 mg/24 h) was significantly higher than that of the group submitted to bariatric surgery (84 ± 9 mg/24 h), although the group submitted to bariatric surgery presented an increase in urinary calcium excretion along the investigation, with the following values being observed at the end of the study: CG = 192 ± 5 vs OG = 195 ± 16 vs OGg = 157 ± 11 mg/ 24 h. Serum PTHi levels remained relatively stable in the three groups throughout the study, with no significant differences among them ( Table 2 ). Basal 25-hydroxyvitamin D levels were significantly higher in the obese individuals submitted to bariatric surgery than in the other two groups, but became similar starting from the second collection (Table 2 ). There was no significant difference in IGF-I levels between CG and OG throughout the study (for example, at first Table 2 . Clinical and laboratory characteristics of the individuals of the control group (CG), obese group (OG) and obese group submitted to bariatric surgery (OGg) 9.8 months, on average, before the study and assessed at 3-month intervals for a period of one year. Data are reported as mean ± SEM. BMI = body mass index; TAS = time after surgery; PTHi = parathyroid hormone; 25-OH-D = 25-hydroxyvitamin D; IGF-I = insulin-like growth factor-I; Oc = osteocalcin; DPD = deoxypyridinoline/creatinine. *P < 0.001 for CG vs OG; **P < 0.001 for OG vs OGg; ***P < 0.01 for CG vs OGg; ****P < 0.001 for CG vs OGg; + P < 0.05 for CG vs OGg; ++ P < 0.01 for OG vs OGg; +++ P < 0.01 for CG vs OG (ANOVA followed by the multiple comparisons Tukey test for the numerical variables with normal distribution). # P < 0.01 for BMI variation in OGg (paired Student t-test).
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www.bjournal.com.br collection CG = 255.6 ± 52.1 and OG = 184.9 ± 35.6 ng/mL). In contrast, the circulating IGF-I levels of OGg were significantly lower than those of the other two groups (first collection: OGg = 109.9 ± 21.6 ng/mL; Table 2 ). The osteocalcin levels of the control group were similar to those of the group submitted to bariatric surgery but significantly higher than those of the obese group (Table 2) . Urinary deoxypyridinoline excretion was significantly higher in the group submitted to bariatric surgery than in the other two groups at all five evaluations performed ( Table 2 ). There were no significant differences in urinary creatinine levels between groups (i.e., 1st evaluation: CG = 14.3 ± 0.3 vs OG = 17.2 ± 2.6 vs OGg = 12.3 ± 1.7 mmol/L; 5th evaluation: CG = 14.6 ± 0.3 vs OG = 17.1 ± 2.5 vs OGg = 12.7 ± 1.9 mmol/L).
While the individuals in the control and obese groups showed stability of BMD throughout the period of evaluation, the individuals submitted to gastroplasty showed a reduction in BMD at all sites evaluated 
Discussion
Body weight is an important determinant of bone mass in human beings, with low weight being actually considered to be a risk factor for osteoporosis (8) (9) (10) (11) . Several lines of evidence indicate that both the content of muscle tissue and the content of adipose tissue are positively correlated with BMD (9) . Over the last few years, in view of the increasingly popular radical treatment for morbid obesity by gastric reduction surgery, there has been great interest in determining the impact of marked weight loss on bone mass (3, 4) . In the present study, we evaluated the bone mass of morbidly obese individuals about 9 months after surgery and compared the results obtained to those observed in a group of individuals of normal weight and in a group of obese subjects whose weight was similar to that of the operated group before surgery. A subgroup of these patients was followed up for one year at 3-month intervals. The results showed Figure 1 . Bone mineral density (BMD) at L1-L4 (A) and in the femoral neck (B) of the control group (CG) and obese group (OG) submitted to bariatric surgery (OGg), and in the distal 1/3 of the radius (C) in CG, OGg and OG during the longitudinal study (first and second evaluations). A, *P < 0.0001 between the first and second evaluations of OGg. B, **P < 0.0008 between the first and second evaluations of OGg. C, ***P < 0.002 between the first and second evaluations of OGg (paired Student t-test for the data of the same group and unpaired t-test for the data of different groups; ANOVA followed by the multiple comparisons Tukey test for the numerical variables with normal distribution was used for the assessment of the three groups).
Bariatric surgery and bone mass loss www.bjournal.com.br that, on a short-term basis (9 months), the patients submitted to gastroplasty presented not only a significant weight loss, but also hormonal changes such as reduction of IGF-I, which may have been responsible for the induction of bone mass loss. Indeed, the increase in deoxypyridinoline detected during this period indicated increased bone resorption activity. On a medium-term basis, i.e., 12 to 24 months after gastroplasty, the patients showed a less marked weight loss but maintained a pattern of elevated bone resorption. Although the loss of bone mass is more marked at sites supporting a greater weight load, it also occurs in the forearm, indicating that the reduction of BMD involves not only mechanical factors but also hormonal factors.
A recent study on morbidly obese patients submitted to bariatric surgery reported results that were similar to ours in several aspects (12) . It was observed that by about 9 months after surgery the patients showed a significant fall in hip bone mass. In contrast to our results, Coates et al. (12) did not observe a significant loss of forearm BMD in their patients. The group evaluated in that study was heterogeneous, including pre-and postmenopausal women and men, whereas in our study we evaluated only premenopausal women. This factor may have been responsible, at least in part, for the differences observed. An additional aspect of our study is that we also evaluated individuals of normal weight. Thus, it was clearly demonstrated that, while normal and obese individuals maintain a normal bone mass, obese individuals submitted to bariatric surgery show a loss of bone mass.
In agreement with the loss of bone mass manifested, the individuals submitted to gastroplasty showed a significant increase in urinary deoxypyridinoline, which indicated an increase in bone resorption activity. In parallel, the elevation in serum osteocalcin levels was discrete and nonsignificant throughout the study, suggesting that the increase in bone formation activity was not of the same magnitude as the increase in bone resorption. It is also interesting to observe that non-operated obese individuals had significantly lower osteocalcin levels than normal individuals. Similar data were also observed by Hyldstrup et al. (13) , suggesting that the bone remodeling rate is reduced in obese subjects. This may be a mechanism protecting against the loss of bone mass in the obese group in view of the fact that in other situations in which there is a greater protection against the loss of bone mass, as is the case for the black race, the remodeling rate is lower (14, 15) .
The cause of the bone mass loss in obese subjects after weight loss has not been fully elucidated. Jensen et al. (9) attributed this occurrence to a physiological adaptation, a hypothesis based on the observation that the fall in bone mass occurs only during weight loss and that during the maintenance of body mass there is stabilization of bone mass. However, in 2001 the same group (16) suggested that hormonal factors and nutritional changes may also be involved in the loss of bone mass during weight loss. Our results show that patients submitted to bariatric surgery present some alterations. The first is a reduction of urinary calcium loss and the second is elevation of serum 25-hydroxyvitamin D levels. The reduction in urinary calcium loss has been observed in other studies (9, 12) and is probably due to limited absorption and/or ingestion of calcium. In favor of this hypothesis, we observed that calciuria tended to normalize one year after surgery. Although an increase in 25-hydroxyvitamin D levels was not observed in some studies, this increase was detected in reports by other investigators (17) (18) (19) who attributed the increased levels of this steroid to release from adipose tissue. However, it is unlikely that the changes in mineral metabolism observed are the main factors responsible for changes in bone mass in patients submitted to gastroplasty, especially because www.bjournal.com.br the serum levels of PTH, the main hormone regulating calcium metabolism, remained normal and similar in the three study groups.
Several systemic factors may be involved in the increased bone resorption after bariatric surgery. Leptin, a hormone primarily associated with the control of energy conservation in humans, is a hormone with multiple functions, which also affects the regulation of bone remodeling (20) (21) (22) . Recent studies evaluating the influence of leptin on bone mass in human beings by the determination of serum leptin levels and by measurement of BMD have shown contradictory results. This suggests that this is not an adequate model for the evaluation of the physiological role of leptin in skeletal tissue (21, 23) . Thus, in the present study we did not evaluate the serum leptin levels of our patients. We determined the levels of IGF-I that have a positive influence on osteogenesis. We observed a significant and sustained fall in the serum levels of this growth factor in patients submitted to bariatric surgery. The interpretation of this result is complex in view of the fact that more importance has been attributed to the influence of IGF-I produced in the osseous microenvironment on the stimulation of osteogenesis than to systemic IGF-I (24). However, Yakar and Rosen (25) , in an experimental study on transgenic rats with hepatic IGF-I and acidlabile subunit deficiency, demonstrated that systemic IGF-I is also important for the development and acquisition of bone mass. A recent study on Japanese women aged 46 to 88 years demonstrated a positive correlation between IGF-I and lumbar spine and forearm BMD (26) . Similar results were observed in previous studies (27) . The important role of systemic IGF-I on bone mass, was also highlighted in a recent study, where we showed that low IGF-I in children in the early stage of chronic cholestatic liver disorder, is associated with impairment of bone mass development (28) . The absence of an increase in osteocalcin in the operated patients of the present study may reflect the reduction of osteoblast-stimulating factors such as insulin and IGF-I.
The present study calls attention to the fact that individuals submitted to gastroplasty experience a significant reduction of bone mass which starts and is maintained one year after surgery, being mainly due to increased bone resorption. The fall in BMD occurs even at sites that do not support a weight load, such as the forearm, suggesting that systemic factors are involved in addition to mechanical ones. It is possible that the reduction in IGF-I levels contributes to this occurrence.
